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An Analysis of the Pressure Build-Up Inside 
a Reacting Pellet During Gas Solid Reactions 
T. DEB ROY AND K. P. ABRAHAM 
A method has been outl ined for the calculat ion of the pressure  gradient  hat can exist  within 
the reacted  shel l  when a spher ica l  pe l let  reacts  with a gas and undergoes a t ranspor t  con- 
t ro l led  topochemical  react ion.  It is known that p ressure  gradients  can ar i se  because of 
Knudsen flow exist ing in the reacted  shel l  with smal l  pores  and the reactant  gas having a 
di f ferent di f fusivity than that of the product gas. The phenomena can be represented  by a 
boundary value prob lem involving a set of par t ia l  d i f ferent ia l  equations with a moving 
boundary, incorporat ing t ime and posit ional  dependence of d i f fus iv l t ies of the reactant  and 
product gases.  In the present  work, the resul t ing equations have been solved numer ica l ly .  
A study has been made of the influence of the re levant  parameters  l ike total  and Knudsen 
dif fusivity rat ios  of the reactant  and product gases,  the poros i ty  to tor tuos i ty  rat io  of the 
reacted  shel l ,  the Biot modulus, the equi l ibr ium constant of the react ion  and the v iscous 
flow parameter  on the pressure  bui ld up inside the reacted  shel l .  
S E V E R A L  kinet ic invest igat ions on gas sol id react ions  
have been car r ied  out in the recent  past  and in the ma-  
jo r i ty  of cases ,  exper iments  were per fo rmed with the 
pe l lets  of the react ing sol id suspended in a flowing 
s t ream of the react ing gas. Attempts were then made 
to in terpret  resu l t s  with the help of mathemat ica l  mod- 
e ls .  In many kinet ic exper iments  using dense pel lets ,  it 
has been found that the react ion could be descr ibed in 
te rms of a topochemical  model as shown in Fig. 1. 
Here the react ion  front is constant ly receding towards 
the center  of the pel let  as the react ion proceeds.  In 
many cases  the react ion is t ranspor t  contro l led and 
the react ion rate  is st rongly  dependent on the rate  of 
diffusion of the gaseous spec ies  through a porous prod-  
uct layer  to a react ing interface which separates  the 
reactant  sol id f rom the converted sol id product.  The 
gaseous diffusion and flow involved in such a prob lem 
is dependent on the nature of the sol id product,  prop-  
e r t ies  of the gaseous spec ies  involved and the exper i -  
mental  condit ions. Depending on these factors  the dif-  
fusion involved may be molecu lar ,  Knudsen or a mixed 
diffusion. In those cases  where the pore s ize is smal l  
and Knudsen diffusion is important ,  the effective dif-  
fus ivtt ies of the reactant  and product gases  are  not 
ident ical .  Lu and Bi ts ianes 1have pointed out that in 
such cases ,  a pressure  gradient  can exist  in the case 
of a gas sol id react ion system whose rate is control led 
by gaseous t ranspor t  o the react ion front. For  exam-  
ple It is known f rom previous exper iments  that Knud- 
sen diffusion is prominent  in the t ranspor t  of gases  
through the product layer ,  in the case of reduct ion of 
Fe203 by Hi and reduct ion of NiO by CO 3 and H~. In 
these cases  a pressure  bui ld up can occur within the 
reacted  shel l .  The nonhomogeneity of p ressure  inside 
a react ing sol id is quite poss ib le  and this must be 
taken into account for a meaningful interpretat ion of
exper imenta l  resu l ts .  
In this paper  an attempt has been made for a quan- 
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t l tat lve theoret ica l  analys is  of the prob lem under d is -  
cussion. The t reatment  is given for rad ia l  diffusion 
phenomena involving spheres .  The resu l ts  of the dif-  
fusion studies of Mason and co -workers  '8 have been 
employed for the formulat ion of the prob lem.  It has 
been shown that the phenomena could be descr ibed  in 
te rms of a boundary value prob lem Involving a set of 
nonl inear par t ia l  d i f ferent ia l  equations with a moving 
boundary.  P ressure  dependence of di f fusivlty has been 
incorporated in the analys is .  The resu l t ing equations 
were solved numer ica l ly .  A study has been made of 
the effect of vary ing the d imens ion less  parameters  
involving dtffustvtty, molecu lar  weight of the react ing 
and product gases ,  Biot modulas,  poros l ty - to r tuos i ty  
rat io ,  equi l ibr ium constant and the v iscous flow param-  
eter  on the pressure  bui ld up. 
FORMULATION 
Consider  a noncatalyt lc react ion of the following 
type taking place between sol id I and gas 1 to form 
products,  sol id If and gas 2, 
REACTION FRONT--~/.I 
I I '\ 
UNREACTED CORE / "~'"~--'-"~"/ 
Fig. 1--Topochemical reaction mode]. 
LAYER 
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So l id i+  Gas 1 = So l id I I+  Gas2  [1] 
The following assumptions are made in the present 
treatment.  
1) The reaction is topochemical and takes place un- 
der isothermal conditions. 
2) The reaction is considered to be equimolar with 
generation of one mole of product gas for each mole 
of reactant gas consumed. 
3) The flow rate of the reactant gas is high enough 
so that there is no gas starvation and the reactant gas 
concentration i the bulk phase can be approximated 
to the total gas concentration i the bulk phase. 
4) The viscosity of the gas phase is independent of 
the composition and pressure.  This assumption s im-  
plif ies computation problem great ly and is considered 
worthwhile in view of the small  e r ro r  in flux due to 
this assumption under the conditions commonly en- 
countered in gas solid reactions. 
5) Structural changes like swelling or sintering of 
the pellet have been neglected and the gases are con- 
sidered to behave ideally. 
Mason and co-workers  6 have developed a set of ex- 
pressions for the flux of individual gaseous components 
1 and 2 in a binary gas mixture. Their expressions for 
the flux of individual gaseous components inside a 
porous solid is given by the following equations. 
0C1 Jl = - (D , )  eff Or + x161J- x l (1 -  61) --B~ dP 
J -  fiiJ1 = 
where 
D1 61 = 
D G 
1 
and 
B o - 
8T 
~RGT K dr 
[2] 
-(DK)eff [ BoFcP ] dp 
RGTK 1 + dr' [3] 
T [ xl + x2 ] 
Df Df 
In the above equations, the factor F c represents a
conversion factor for the dimensional consistency. B o 
is a constant character ist ic  of the solid alone. For a 
cyl indrical capi l lary the value of B 0 is r~/8. The fac- 
tor e/T is introduced to take into account he porosity 
of the product solid through which the gas flow takes 
place, and the inevitable deviation of the pores f rom 
idealized cyl indrical  geometry.  Radially outward flow 
is taken as positive in these two expressions and this 
convention will be maintained throughout. 
Evans 7 has shown that an er ror  will be introduced 
in the magnitude of the flux J~ by neglecting the v is-  
cous flow terms in the flux equations. According to 
him, this e r ro r  is only about 10 pct for conditions 
typical of gas solid react ions and may be negligible 
when the pore size of the solid is very small.  How- 
ever,  while considering a general case for the pressure  
build up, it will be desirable to take into account all 
the three terms including the viscous flow term in the 
flux Eq. [2]. Eqs. [2] and [3] could be rearranged to 
get the following two expressions.  
: -E l  
j * _  /31J~1 =K 1 - -  - -  
where  
F 1 = D1 = (D0eff 
D~ (D~) eff 
D~ = (D0eff 
De (De) eft F 2 = 
and 
K 1 = __  
OP* 
+ F2xIJ* - (1-Fa) B*oC* OR OR 
0P* (l_xlflz) B.oP. OP* 
aR ~R 
[4] 
is] 
(D )ett 
D~ (n~ 
Also the rate of accumulation of component 1 is given 
by the following equation. 
-~ OC'~ 1 O (RZj,l) [6] 
Similarly the over-a l l  accumulation rate is expressed 
by Eq. [7]. 
aP* _ 1 __O (R2j.) [7] 
- r  0~- R z 0R 
F 1 and F z in Eq. [4] can be expressed in terms of the 
ratio of the effective dlffusivities and the ratio of the 
square roots of the molecular weights of component 1
and 2 respect ively by the following two equations. 
/3 -A  
F1 - P*(/~- 1) [8] 
Fz = P* " F1 [9] 
Also 
~-  A ~ 
K, -- [101 
f3 (a ~ 1) 
While/~ is independent of pressure,  A implicit ly con- 
tains gaseous molecular dfffusivity which is inversely 
proport ional to pressure.  Thus F1 and F a are functions 
of R and T. The variation of A result ing f rom pressure  
variat ion can be expressed by the following relat ion- 
ship. 
A = P*(/~ - A~ + ~ (A~ I) [11] 
+ 1) 
From the definition of flux through the boundary 
layer, the following relationship can be written. 
[ 1 (C~*-1)+ C~*J*] [12] 
T R=I 
Since the pellet surface is exposed to atmosphere,  
the value of total pressure  at the pellet surface is the 
same as that in the bulk. 
Therefore 
P*IR:I = 1 [13]  
Also as the reaction is considered to be a t ransport  
control led one, chemical equil ibrium is assumed to 
prevai l  at the reaction front. 
= 1 + Keq [14] 
CI* R--r* 
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The unreacted core is cons idered impervious to 
gases  in cons is tency with the topochemical  react ion 
model  and s ince the react ion is equtmolar ,  the following 
re lat ionship  is val id.  
:*IR=r* = 0 [15] 
Also since the react ion is contro l led by the t ranspor t  
of the react ing spec ies  to the react ion interface,  the 
following condition for the movement of the boundary 
can be wr i t ten down. 
dr* : - r  [16] 
d ' f  
Thus Eqs. [4] to [16] descr ibe  the phenomena under d is -  
cussion. Since these equations could not be solved ana- 
lyt ical ly ,  numer ica l  techniques have been employed for 
the solution. A br ie f  account of the technique used is 
given in the appendix. 
RESULTS 
The resu l ts  a re  shown in graphica l  form in F igs.  2 
to 6. In F igs.  2 to 5 the d imens ion less  pressure  at the 
react ion front is plotted against  f ract ion converted F
(= 1 - r*3). The values of the parameters  used which 
affect the pressure  bui ld up are  those typical  of gas 
sol id react ions  repor ted  in l i te rature .  In these graphs 
the value of B* is taken to be zero,  because in the ma-  
jo r i ty  of cases  where the pore rad ius  is smal l  and 
Knudsen diffusion is important,  the v iscous flow pa-  
rameter  (and the value of B~) is negl ig ibly smal l .  How- 
ever  to show the effect of B~" on the pressure  build up, 
the effect of vary ing B* f rom 0 to 0.5 on the pressure  
bui ld up is shown in Fig. 6. Also the prof i les  of d imen-  
s ion less  pressure  and dtffusivity rat io  A inside the re -  
acted shel l  a re  plotted corresponding to di f ferent r*  
va lues.  The values of di f ferent parameters  used for 
these computat ions are  given in the f igure captions.  
DISC USSION 
An examinat ion of Eqs. [4] to [16] shows that the fac-  
tors  which contr ibute towards the pressure  build up 
.,.W /Y  \ \ \  . /~"X~ 
10 l I 1 I 
O,O 0-2 0.4 0,6 0.8 1,0 
R*& F 
Fig. 3--Effect of variation of the diffusivity ratio fl on the 
pressure build up, A ~ = 1.5, B V (e/T) = 0.15, Keq = 1000, p* 
= 4774 and e = 0.50. 
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Fig. 4--Effect of variation of B/M (e/T) on the pressure build 
up,  A0 = 2.0 ,  fl = 3 .0 ,  Keq  = 1000,  p*  = 4774,  E= 0 .50 .  
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F ig .  2 - -E f fec t  of  var ia t ion  of  the d i f fus iv i ty  ra t io  A ~ on the  
pressure  bu i ld  up,  fl = 3 .0 ,  BM(e /T )  = 0.15,  Keq  = 1000,  p* 
= 4774 and e = 0 .50 .  
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F ig .  5 - -E f fec t  of  var ia t ion  of  equ i l ib r ium constant  on the  pres -  
sure  bu i ld  up ,  A ~ = 2.0 ,  [7 = 3 .0 ,  BV(E /T  ) = 0.15 ,  p* = 4774,  
e= 0 .50 .  
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1-0 o 0!2 l I I 0.4 0.6 o.a ~.o 
R*&F 
Fig. 6--Effect of variation of dimensionless viscous flow pa- 
rameter B* on the pressure build up, A ~ = 2.0, fl = 3.0, 
BM(r = 0.15, Keq = 1000, p* = 4774. e = 0.50. 
during the react ion are the diffusivity rat ios 4 ~ and/~, 
the equi l ibr ium constant Keq, the d imensionless v is -  
cous flow parameter  Bo*, the product BM(e/T), the 
d imensionless  density p*, and porosity e. 
Of these parameters ,  the porosity te rm r appears 
in Eqs. [6] and [7] (as dist inct ly from BM(E/T) as a 
multiplying factor of ~P*/~r and ~C*/~'. Even though 
aP*/aT and ~C*/a~" are not taken as zero in the pres -  
ent work, the magnitudes of these derivat ives are 
smal l .  In view of the fact that an analytical  solution 
of the present  problem could not be developed, an ex- 
amination of the effect of e (as dist inct ly from BM(e/T) 
on the pressure  build up is not attempted to avoid any 
possible uncertainty due to computation. However, 
since ~C*/a~" and aP*/a-r are smal l ,  it is considered 
logical to examine the effect of 9 f rom a study of the 
var iable BM(e/T). 
Also the var iable p* appears only in the condition 
for the movement of the interface according to Eq. 
[16]. Thus a change in p* induces a change in the rate 
of movement of the interface and in Figs. 2 to 6, the 
effect of changing p* would be virtual ly,  equivalent to 
a compress ion or elongation of the "F" axis, and con- 
sequently the effect of p* on the pressure  build up is 
not analyzed separately.  
It is evident hat in the case of an i r revers ib le  re -  
action the pressure  build up is l ikely to be more with 
increase in the rat io of the diffusivittes o o Dz/D ~ (= A~ 
because of the accumulat ion of the product gas. This 
trend is eas i ly  seen in Fig. 2. 
The effect of varying p on the pressure  build up can 
be examined by consider ing Eqs. [17] and [18] derived 
from the definit ions of /3 and 4 0 .
DK _ p -  [171 
D~ A ~ 1 
O K _ 1 - A~ [18] 
D~ A ~ 1 
It is observed from the above equations that an in- 
crease in fl keeping 4 ~ constant leads to an increase 
in the rat ios OK/D~ and DK/D~ This in other words 
means that the molecular  diffusion rather  than Knud- 
sen diffusion has a larger  share in determining the 
diffusivit ies of components 1 and 2 through the reacted 
shell .  The larger  the contribution due to molecular  
diffusion, the smal ler  will be the pressure  build up 
and hence the pressure  build up takes place at a com- 
parat ively slower rate under the conditions discussed. 
This trend is shown in Fig. 3. 
Fig. 4 shows the effect of varying the product of 
Blot modulas and the porosity to tortuosity ratio of 
the product layer.  A higher value of e/T, consider ing 
B/M constant, means that less " res i s tance"  is offered 
to the react ion by the step involving shell  layer diffu- 
sion. Thus a lag in the build up of p ressure  is exhib- 
ited on increas ing BM(e/T). Simi lar ly an increase in 
B M keeping e/T as constant is equivalent to a higher 
contribution of the external  t ransport  res is tance to- 
wards the total res is tance of the react ion, and a delay 
is observed in the accumulat ion of pressure .  This be-  
havior can be seen in Fig. 4. 
Fig. 5 shows the var iat ion of the pressure  accumu- 
lation with the equi l ibr ium constant of the react ion. 
Since the react ion is analyzed as a t ransport  con- 
trol led one, a decrease in Keq from a very  high to a 
low value would cause a comparat ively smal ler  con- 
centrat ion of the reactant gas at the react ion front. 
It can be seen that a substant ial  decrease in Keq would 
increase the rat io (C R b b -- C 2)/(C~ - CR), consequently 
the rat io of the rate of outflow to the inflow of the 
gases increases,  resul t ing in the lower pressure  
build up. 
In Fig. 6 the effect of the var iat ion of the dimension-  
less viscous flow parameter  on the pressure  build up 
is shown. Since the viscous flow parameter  is propor-  
t ional to the square of the pore radius,  Bo* is normal ly  
smal l  in those cases where Knudsen diffusion is im-  
portant. It is seen from Fig. 6 that the smal ler  the 
viscous flow parameter ,  the larger  is the pressure  
build up. This is physical ly justif ied since the smal ler  
the pore radius the larger  is the contr ibut ion of the 
Knudsen diffusion. 
The pressure  distr ibut ions inside the reacted shell 
for different values of r* are plotted in Figs. 2 to 6. 
It is observed that for a large value of r* correspond-  
ing to about 30 pct conversion, the pressure  d istr ibu-  
tion is found to be approximately inear,  which is also 
to be expected in the thin shel ls under consideration. 
The var iat ion of Z~ result ing from the t ime and posi-  
t ional dependence of pressure  is also shown in these 
f igures. 
It is obvious that the present  analys is  is re levant  
to systems giving r ise to a product layer which is 
suff iciently strong and tough to withstand the develop- 
ment of the higher pressure .  
SUMMARY 
1) Appreciable pressure  gradient can exist within 
the reacted solid during a translSort Controlled topo- 
chemical  react ion in all the cases where the pore size 
is suff iciently smal l  for Knudsen diffusion to be im-  
portant and the reactant gas has a diffusivity different 
from that of the product gas. 
2) For a t ransport  control led topochemical reaction, 
the dimensionless pressure  bui ld up depends on the 
rat ios of the diffusivit ies A ~ and i3, the product of 
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porost ty - to r tuost ty  rat io  e/T and the Biot modulus 
B M, the equi l ibr ium constant Keq and the d imension-  
less  vtseous flow parameter  B*. 
3) A method has been outl ined for the quantitat ive 
calculat ion of the pressure  gradient  inside the reacted 
shel l .  
4) The effect of the re levant  var iab les  on the pres -  
sure butld up is analyzed and the resu l t s  are  given in 
graphica l  form. 
5) The pressure  pro f i les  inside the reacted  shel l  
a re  approx imate ly  l inear  in the init ial  s tages t i l l  about 
30 pct of the react ion is over.  
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NOMENCLATURE 
Viscous flow parameter ,  sq cm 
Total concentrat ion of the gas, g -mole  per  
cu cm 
Concentrat ion of component 1, g -mole  per  
CU am 
Binary molecu lar  diffuslvity, sq cm 
Knudsen dtffusivtty of component i 
: z P \ ~ ]  ] , sqcm 
Total diffusion coeff ic ient of component i,
= + , sq cm 
Effective total  diffusion coeff ic ient of com-  
ponent i, 
E:o § sn m 
Effective Knudsen diffusion coeff ic ient of 
component i,
Effective b inary  molecu lar  diffusivity, 
Conversion factor ,  10 6 g per  atm cm sq s 
Flux, g -mole  per  sq em s 
P ressure  at any point inside the pel let ,  atm. 
Atmospher ic  p ressure ,  atm. 
Gas constant,  cu cm atm per  g -mole  K 
Gas constant,  g sq cm per  sq see g -mole  K 
Molecular  weight of spec ies  i, g per  g -mole  
Distance f rom the center  of the react ing 
pel let ,  cm 
Original  rad ius  of the pel let ,  cm 
Radius of the react ion front, cm 
Average radius  of the pores ,  cm 
Time, s 
Mass t rans fer  coeff icient,  cm per  s 
V iscos i ty  of the gas phase,  g per  s cm 
Molar  density of the react ing  sol id, g -mole  
per  cu cm 
* 
e l  
80* 
F 
j* 
p* 
R 
R* 
T 
Keq 
X 
A 
51 
p* 
E 
T 
Dimension less  Var iab les  
Blot modulas,  DG 
~r o 
Dimension less  concentrat ion of component 1, 
C 1 / cb 
Dimens ion less  v iscous flow parameter ,  
BoPoFc 
(r~O \eft 
UG!  
Fract iona l  convers ion,  1 -  r .3 
J r  o 
Flux, (DoG)eff c b 
Dimension less  pressure,  p/pb  
Dimension less  rad ius  in the reacted shel l ,  
r 
~'0 ~ rC -< Y ~< ~'0 
1-R  
Dimens ion less  distance,  1 -  r* 
D imens ion less  rad ius  of the react ion front, 
YC/YO 
Tortuos i ty  factor  in the porous sol id 
Equi l ibr ium constant for react ion  [1] 
F ract ion  of a par t i cu la r  gaseous component 
Dimens ion less  molecu lar  weight, 
D imens ion less  dif fusivtty D 1/D 2 
1 - 1/;3 
D1/DG 
Dimension less  density,  Po/C b 
Poros i ty  of the product sol id 
t (D~) eff 
D imensionless  t ime,  2 
~'0 
1 
2 
G 
k 
R 
av  
b 
eff 
0 
Subscr ipts 
Value for component 1
Value for component 2
Value for gas 
Value for Knudsen diffusion 
Value for react ion front 
Average value 
Superscr ip ts  
Value for the bulk phase 
Effective value 
Value at one atmosphere  pressure .  
APPENDIX 
Numer ica l  Scheme for the Solution of the 
Dif ferent ial  Equations 
An impl ic i t  d i f ference scheme has been employed 
for the solution of the equations. In o rder  to res t r i c t  
the total  integrat ion steps to a f inite pred ic tab le  value, 
var ied  t ime increments  imi la r  to that used by Doug- 
las et al. 8 have been used. In o rder  to keep the moving 
boundary at the r ightmost  mesh point at al l  t ime lev-  
els of computation, the following substitut ion is made 
in Eqs. [4] to [7]. 
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R* - I -R  
1- r* [19] 
A s imi lar  transformation was used by Lotktn 9 in the 
calculation of heat flow in melting solids. 
Since the required solution is the evaluation of P* 
and C* for all predetermined values of R and also at 
all levels of computation time r, Eqs. [4] to [7] have 
been rearranged to eliminate J* and J* after a substi-  
tution given by Eq. [19] is made. The result ing equa- 
tions have been expressed by implicit central differ- 
ence scheme for the interior grid points and backward 
difference scheme for the two boundaries. For evalua- 
tion of ac* /a r  the following substitutional concentra- 
tion time derivative s imi lar  to the one used by Murray 
'and Landis 1~ was used to take Into account he move- 
ment of the interface. 
tiC* dC* 1 ac*, dR* [20] 
aT = dr  - ~R dr  
dR*/dr  signifies changes in the grid dimension resul t -  
ing from the movement of the interface with time. A 
s imi lar  expression was used for the evaluation of 
aP*/ar .  The time increment necessary for the pre-  
determined movement of the grid was found using 
Eq. [161. 
Computations revealed that a value of At* = 0.02 
(-- 50 time steps) is sufficiently small  to yield solu- 
tions independent of At*. 
The accuracy of the solution was examined using 
appropriate dimensionless mater ia l  balance equation. 
The computed values of the concentration prof i les 
were found to be in good agreement with the mater ia l  
balance equation. 
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